Magneto-optical Kerr effects ͑MOKE͒ have caused much interest over the last decade, primarily as application of the effects of erasable high-density data storage and also, as a sensitive tool for studying the spin polarized electronic band structures. 1 MOKE are caused by the off-diagonal element of the dielectric tensor, which is a fundamental response function of a magnetized sample to the external electric field. 2 Therefore, determination of the off-diagonal element is very important for understanding MOKE as well as for developing new magneto-optical recording materials. It is generally known that the ellipticity as well as the Kerr rotation angle and the complex refractive index nϩik should be measured to determine the off-diagonal element. 2, 3 However, most experimental methods, except for the phase modulation method adopting a photoelastic modulator, employ a /4 plate or a Soleil-Babinet compensator corresponding to a given wavelength in measuring the ellipticity. 3, 4 Those methods therefore make carrying out the spectrometric measurements inconvenient.
Recently, You and Shin 5 have reported a method to determine the off-diagonal element of the dielectric tensor without measuring the ellipticity, where two polar Kerr rotation angles measured from both film and substrate sides in normal incidence were used. This method has some limitation in application to a system prepared on an opaque substrate, since the Kerr rotation angle measured from the substrate is required. However, if analytic formulae for MOKE for an oblique incident beam existed, the off-diagonal element could be determined from the measurements of p-and s-wave Kerr rotation angles from the film side, without measuring the ellipticity. Hunt 6 , Zak, 7,8 and Yang 9 have derived the magneto-optical Fresnel reflection coefficients for an oblique incident beam, but their relations are too complicated to use in determination of the off-diagonal element. Very recently, we have derived the simplified analytic formulae for various MOKEs of optically thick 10, 11 and ultrathin magnetic media. 11 In this letter, we report a novel method applicable to any system, regardless of the type of substrate, using the simplified analytic formulae for MOKE developed by the authors.
Suppose a beam of light is passed from a nonmagnetic medium 0 to another nonmagnetic-medium 2, through a magnetic medium 1 having an arbitrary direction of the magnetization and the thickness d 1 , as depicted in Fig. 1 
for an optically thick magnetic medium 1, i.e., 2͉n 1 ͉d 1 /ӷ1 ͑Ref. 10͒ and
for an ultrathin magnetic medium 1, i.e., 2͉n 1 ͉d 1 /Ӷ1, within the first order approximation. 11 Here r i j is the ratio of the incident j polarized electric field and reflected i polarized electric field, and n j and j are the complex refractive indices and complex refraction angles of the jth medium which can be determined by Snell's law. The cosine of the magnetization in the j-direction is represented by m j . ⌰ n is the well-known complex polar Kerr effect for normal incident beam for optically thick magnetic medium which is given by
and ⌰ n 0 is the complex polar Kerr effect for ultrathin magnetic medium, which is given by 7, 12, 13 FIG. 1. The coordinate system of a non-magnetic medium 0, a magnetic medium 1, and a non-magnetic medium 2. The thickness of the medium 1 is d 1 and the magnetization direction of the medium 1 is arbitrary.
Here, is the wavelength of light, d 1 is the thickness of the magnetic medium 1, and Q is the magneto-optical constant defined as Qϭi (⑀ xy /⑀ xx ) . In derivation of the method to determine the off-diagonal element of the dielectric tensor, we have utilized Eqs. ͑1͒ and ͑2͒ for the optically thick magnetic medium, and Eqs. ͑3͒ and ͑4͒ for the optically ultrathin magnetic medium. For the optically thin magnetic medium 1, this method can be applied adapting the numerical analysis. First, we consider the optically thick magnetic medium, where the thickness of the medium 1, d 1 , is thick enough compared to the skin depth of the medium 1. So we consider only a beam reflected from the boundary between the medium 0 and the medium 1. For polar configuration, when the magnetic medium has a perpendicular magnetization, we substitute m z ϭ1 and m y ϭ0. In this case, the representation of p-and s-wave Kerr rotation angles can be expressed as follows:
Here, S p ϩiR p and S s ϩiR s are defined by
respectively. The complex Kerr effect of normal incidence, ⌰ n ϭ K ϩi K , can be expressed in a matrix form as follows:
where ⑀ xy Ј and ⑀ xy Љ are the real and imaginary parts of the off-diagonal element of the dielectric tensor. Here, A and B are expressed by 2, 3 Aϭ
respectively. By substituting Eqs. ͑9͒, ͑10͒, and ͑11͒ into Eqs. ͑7͒ and ͑8͒, one can obtain the following expression for p or s waves:
where jϭp or s. Then, one can easily relate the p-and s-wave Kerr rotation angles, K p and K s , with the real and imaginary parts of the off-diagonal element of the dielectric tensor as follows: For the longitudinal configuration, the longitudinal Kerr effect can be expressed as Eq. ͑15͒ using the definitions of Eqs. ͑17͒ and ͑18͒. Thus, one can determine the off-diagonal element of the dielectric tensor using the p-and s-wave longitudinal Kerr rotation angles without measuring the ellipticity. For the ultrathin magnetic medium 1, where 2͉n 1 ͉d 1 Ӷ, we use Eqs. ͑3͒ and ͑4͒. Similar to the previous cases, the polar Kerr effect can be expressed as follows:
Here, S p0 ϩiR p0 and S s0 ϩiR s0 are expressed by
respectively. ⌰ N 0 can be expressed as follows similar to Eq. ͑11͒:
where A 0 ϪiB 0 ϭ4in 0 d/͓(n 2 2 Ϫn 0 2 )͔ . So, one can define a matrix similar to the matrix N in Eq.͑16͒. Hence, the offdiagonal element of the dielectric tensor for an optically ultrathin magnetic medium can be determined from the measured p-and s-wave Kerr rotation angles. In the situation of the longitudinal configuration, (S p0 ϩiR p0 ) respectively. For an optically thin magnetic film, where 2͉n 1 ͉d 1 ϳ, one has to consider the multiple reflections. Using the medium boundary matrices and the medium propagation matrices 7, 8 and considering the multiple reflections, the Kerr rotation angle can be expressed numerically in the form of Eq. ͑11͒ within the first order of Q. 5 Therefore, one can express the matrix N as a functional form of the optical parameters of the system:
͑26͒
where
͑27͒
If the refractive indices and thickness were known, one could obtain numerically the off-diagonal element of the dielectric tensor from measured K p and K S .
14 The present method has been testified through determination of the off-diagonal elements of ͑1.8 Å Co/9 Å Pd͒ 200 multilayer having perpendicular magnetic anisotropy and ͑50-Å Cu/55.8 Å Co͒ 10 multilayer having in-plane magnetic anisotropy, using the experimental data of the p-and s-wave Kerr rotation angles reported by Deeter. 15 In Fig. 2 , we plot the magneto-optical constants Q's of both systems at the wavelength of 6328 Å in the wide range of the incident angles from 5 o to 85 o with an increment of 5 o . The solid lines in the figure correspond to the values determined by Deeter using least-square fitting. As seen in the figure, except near the normal incident angle, the values determined by the present method match the reported experimental values very well. Discrepancies at the angles near the normal incidence seem to be caused by small differences in the p-and s-wave Kerr rotation angles. Hence, it is desirable to take the incidence angle larger than about 30 o for determination of the off-diagonal element by the present method: The pseudoBrewster's angle might be most recommendable, where the reflectivity of the p wave is minimum.
In conclusion, we have developed a new method for determining the off-diagonal element of the dielectric tensor using the analytic simplified formulae for MOKE, without measuring the ellipticity. In the present method, the offdiagonal element could be determined analytically for an optically thick or ultrathin magnetic medium, while numerically for an optically thin magnetic medium from the measurements of the p-and s-wave Kerr rotation angles. The validity of the method has been proved through determination of the magneto-optical constants of Cu/Co and Co/Pd multilayers.
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